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ABSTRACT: In this communication, Surface-Initiated Photo-induced Electron Transfer-Reversible Addition-Fragmentation
Chain Transfer Polymerization (SI-PET-RAFT) is introduced. SI-PET-RAFT affords functionalization of surfaces with spatio-
temporal control and provides oxygen tolerance under ambient conditions. All hallmarks of controlled radical polymerization
(CRP) are met, affording well-defined polymerization kinetics, and chain end retention to allow subsequent extension of ac-
tive chain ends to form block copolymers. The modularity and versatility of SI-PET-RAFT is highlighted through significant
flexibility with respect to the choice of monomer, light source and wavelength, and photoredox catalyst. The ability to obtain
complex patterns in the presence of air is a significant contribution to help pave the way for CRP-based surface functionali-

zation into commercial application.

The coating of surfaces with organic materials finds wide-
spread use in our daily lives. For instance, polymeric coat-
ings assure that eye glasses are easier to clean, that food
does not stick to frying pans, and that displays are not
charged with static electricity. Albeit powerful in their func-
tion, the physisorbed nature of many of these coatings in-
herently limits their advancement into new areas of re-
search and application where precise topographical and/or
chemical patterning is desirable or required.

Covalently surface-tethered macromolecules (polymer
brushes) show great promise to address these limitations.!-
5 Various Surface-Initiated Controlled Radical Polymeriza-
tion (SI-CRP) platforms provide access to thin polymer
brush films with controllable thickness and chemical com-
position.! Surface-Initiated Nitroxide Mediated Polymeriza-
tion (SI-NMP),%7 Atom Transfer Radical Polymerization (SI-
ATRP),%° and Reversible Addition-Fragmentation Chain-
Transfer polymerization (SI-RAFT),10 all provide powerful
pathways towards versatile and patterned polymer sur-
faces with targeted functionalities. Potential areas of utili-
zation include, but are not limited to, antifouling coatings,!-
14 drug delivery,!> sensing,'6-20 catalysis,?! as well as gener-
ally stimuli-responsive,?2-2¢ and opto-electronic materials.2

In addition to uniform coatings, recent scientific efforts
have facilitated the fabrication of three-dimensionally pat-
terned polymer brush surfaces.2627 Whereas previously
most experimental techniques were often laborious, expen-
sive, and limited to small substrates, the use of photoredox
chemistry to catalyze polymerization has revolutionized the
SI-CRP field.?8-30 The use of light in the visible wavelength
region now provides a mild, eco-friendly, and non-invasive
stimulus for selective polymer growth with spatiotemporal

control and an elegant chemical and engineering tool to pro-
vide access to three-dimensional nanostructures.26:27,31,32

One significant challenge remains: SI-CRP’s limited toler-
ance to ambient oxygen and chemical impurities is detri-
mental to the large-scale and commercial utilization of sur-
face-tethered macromolecules. The presence of active oxy-
gen species leads to considerable side reactions and chain
termination events, limiting the ability to target well-de-
fined polymer molecular weights with low dispersities.
Aside complex strategies (e.g, addition of reducing
agents),®33 there exist only a finite number of chemical sys-
tems which inherently mitigate the limitation of oxygen tol-
erance on surfaces and in SI-CRP.3134 For example, Diskekici
etal. elaborated on a functionalized phenothiazine photore-
dox catalyst which indeed provided limited oxygen toler-
ance for polymerization and small molecule dehalogenation
reactions.3!

Here, these challenges are addressed by introducing oxy-
gen tolerance into a SI-RAFT system. RAFT is an ideal plat-
form with recent work suggesting that polymerization can
be achieved in a broad range of solvents, even in whiskey.35
The work outlined below draws inspiration from recent ad-
vances in Photoinduced Electron Transfer-Reversible Addi-
tion-Fragmentation Chain-Transfer (PET-RAFT) polymeri-
zation.3637 Significantly, PET-RAFT - in air and ambient con-
ditions - can polymerize a large range of both less activated
monomers (such as vinyl acetate) and more-activated mon-
omers ((meth)acrylates, (meth)acrylamides) to afford mac-
romolecules with well-defined structures and narrow dis-
persities under a broad range of visible wavelengths (from
blue to near-infra-red light). The PET-RAFT mechanism in-
volves visible-light-induced activation of either transition



metal-based (e.g., Tris(2-phenylpyridine)iridium(III) (fac-
[Ir(ppy)s]),®® zinc tetraphenylporphyrin (ZnTPP),3” and
Ru(bpy)3Cl2)383? or organic (e.g., Eosin Y)*041 photoredox
catalysts and subsequent electron or energy transfer be-
tween the catalyst and the RAFT chain transfer agent (CTA)
to mediate polymerization.

In the following, we will introduce Surface-Initiated PET-
RAFT as a new synthetic platform for targeted surface func-
tionalization. We will provide scientific evidence to confirm
the hallmarks of CRP: The ability to target film thickness
with well-defined kinetics and chain end fidelity. The ability
to manufacture block copolymers and the utilization of light
of various wavelengths in combination with photomasks
will be highlighted to illustrate the ability to provide spati-
otemporal control and access advanced 3D topographical
and chemical patterns. Significantly, the following studies
will emphasize the oxygen tolerance of SI-PET-RAFT by us-
ing ZnTPP as a photocatalyst. This eliminates the need for
rigorous degassing or the work in inert atmospheres or
with expensive equipment. We are convinced the benefits of
our approach can help advance SI-CRP into academic and
industrial application.

Figure 1a illustrates the concept of SI-PET-RAFT. A CTA-
functionalized surface is irradiated uniformly under a given
wavelength to grow surface-tethered macromolecules via a
surface-initiated controlled radical polymerization. Subse-
quently, after thorough cleaning to remove any physisorbed
polymers, variable angle spectroscopic ellipsometry (VASE)
is used to determine the final polymer brush film thickness,

visible light

.
(405 or 590 nm) M

YYYYYIY S
(b) (c)

G . . . (Me)N
|—o s~ N Sy S Me J

OR HMeMe S
% OR
Me
0

s N
o-si’\/‘N
Figure 1. (a) Schematic of Surface-Initiated Photo-Induced

OR H NCMe s
Electron Transfer-Reversible Addition-Fragmentation Chain-
Transfer Polymerization (SI-PET-RAFT). (b) Chemical struc-
tures of two different chain transfer agents (CTAs), DDMAT and
CPADB, that were covalently immobilized on SiO2 surfaces to
allow growth of surface-initiated (c) acrylamide-, methacry-
late-, and acrylate-based polymer brushes.
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For surface functionalization, the Z-group approach was
chosen, affording both a chemically robust attachment to
the substrate as well as sequential monomer insertion into
surface-tethered polymer chains without the entire macro-
molecule detaching and re-connecting to the surface.!

The reactivity of RAFT agents is dependent on both the Z
and R group substituents.#243 Both dithio and trithio car-
bonate-based RAFT CTAs were synthesized and immobi-
lized on silica surfaces to provide access to a wide range of

monomers (see Figure 1b). X-ray photoelectron spectros-
copy (XPS) confirmed covalent attachment of both 4-cyano-
4-(phenylcarbonothioylthio)pentanoic acid (CPADB) as
well as 2-(dodecylthiocarbonothioylthio)-2-methylpropi-
onic acid (DDMAT) RAFT CTAs to SiO: via the presence of a
nitrogen N1s peak at BEnis = 400 eV (see Supporting Infor-
mation, Figure S3). Sulfur S2p (BEszp * 164 eV) peaks of the
CTA monolayer were prohibitively challenging to detect
due to signal overlap with the pronounced Si2s peak of the
underlying substrate. DDMAT and CPADB span the reactiv-
ity range to provide access to polymers comprised of acryla-
mides (former) and (meth)acrylates (latter, vide infra).4344

Kinetic studies supported a controlled radical polymeri-
zation (CRP). In Figure 2, ZnTPP was used as a photocata-
lyst to mediate growth of N,N-dimethylacrylamide (DMA)
polymer brushes on DDMAT-functionalized silica sub-
strates. The rate of RAFT polymerization can be controlled
both via the ratio of Monomer (M) to RAFT CTA and the con-
centration of photocatalyst (Photocat.), as well as the wave-
length of irradiation. Optimized conditions for DMA, ZnTPP,
and DDMAT were found at [M]:[CTA]:[Photocat] =
500:1:0.025 under irradiation with blue light (A = 405 nm)
(see Figure 2). Increasing the amount of free RAFT CTA
([M]:[RAFT CTA] = 200:1) and using yellow light (A = 590
nm) decreased polymerization rates while however main-
taining good control and high reproducibility of d vs. time.

‘@‘- SI-PET-RAFT el
_— o

DMA
22000088, ZnTPP/DDMAT
30" T T T |
© 405 nm (Air, 500:1)
® 405 nm (N,, 500:1)
25} A 590 nm (N,, 500:1)
E é é ¥ 590 nm (N,, 200:1)
S 20
~ = ‘ —
: t
@ 15F A i
= A
o o
k 10 A} v v
a] § A v
5F { v -

0 Y 1 1 1 ]
0 1 2 3 4 5 6 7
Irradiation time / h

Figure 2. Polymer brush film thickness vs. irradiation time
for SI-PET-RAFT of DMA using ZnTPP as the photocatalyst and
DDMAT as the chain-transfer agent. Probing yellow (A = 590
nm, triangles) and blue (A = 405 nm, circles) irradiation wave-
lengths and monomer to chain transfer agent ratios (200:1 and
500:1 for yellow light, triangles), both in an inert nitrogen at-
mosphere (filled circles) as well as open to air (empty circles).
Data suggests that controlled thickness is achievable irrespec-
tive of the presence of ambient oxygen.

Significantly, polymer brush rates fully open to air and in
ambient conditions equal those in an inert nitrogen atmos-



phere glovebox (empty and filled circles in Figure 2, respec-
tively). This oxygen tolerance poses significant advantages
as it eliminates the time-consuming, rigorous deoxygena-
tion step that is commonly required prior to conventional
SI-CRP.

Mechanistically, the presence of free CTA in solution re-
sults in the growth of polymer not only at the surface, but
also in solution. Boyer et al. have described first order kinet-
ics for PET-RAFT in solution and a linear increase of
In([M]o/[M]t) with irradiation time.*>-47 For SI-PET-RAFT,
the small microliter reagent volume that is used for
polymerization from the surface makes purification and
characterization of the free polymer that is formed in solu-
tion prohibitively challenging. Previous solution studies
can therefore neither be supported nor rebutted.

Regarding the evolution of film thickness, d, vs. irradia-
tion time, reports on SI-CRP are divided between first-or-
der484? or linear relationships.13:27:313250 For thermally-initi-
ated SI-RAFT from flat substrates, scientific literature and
kinetic data are more sparse, with no clear consensus
emerging regarding the growth kinetics of surface-tethered
brushes.51-53 For optimized SI-PET-RAFT conditions (see
Figure 2), polymer brush thickness, d, increases as a func-
tion of irradiation time, ¢, to provide access to thin films of
up to dppma) = 25 nm within an hour of 1.1 yW/cm?irradia-
tion time at a rate of up to dd/dt = 25 nm hr-.

Control experiments show no polymer growth in the dark
or in the absence of ZnTPP or any other photocatalyst we
studied (see Supporting Information, Figure S4). In accord-
ance with scientific literature on thermally-initiated SI-
RAFT, experiments in the absence of free CTA in solution in-
dicate that control over polymerization is lost (see Support-
ing Information, Figure S5).5%>45¢ ‘Free’ RAFT CTA benefits
the efficient exchange reaction between graft and free poly-
mers®> and decreases the likelihood of radical-radical cou-
pling reactions on the surface.> Without free CTA, rapid pol-
ymer growth leads to less uniform films with increased sur-
face roughness. Chain extension experiments prove to be
unsuccessful, indicating a loss of chain end functionality.
These findings are coherent with what would be expected
from an uncontrolled, surface-initiated free radical
polymerization.

Simultaneous polymerization in solution (vide supra) im-
plies limitations with respect to the maximum attainable
film thickness (limited to d * 25 nm, see Figure 2). As the
reaction proceeds, high molecular weight polymer is
formed in the solution away from the substrate, thereby in-
creasing solution viscosity and limiting further polymer
brush growth by hindering RAFT CTA diffusion. To circum-
vent limitations imposed by increased viscosity of ‘free’ pol-
ymers, we leveraged a central characteristic of CRP: chain
end retention (see Figure 3). After polymerizing an initial |-
p(DMA) layer, the reaction is halted at low monomer con-
version by switching off the light source. This first step al-
lows to maintain a low solution viscosity while polymer
brushes are grown. After washing the substrate of unre-
acted monomer and free polymer chains, a fresh solution of
DMA monomer, ZnTPP, and DDMAT RAFT CTA is added
anew, and the initial polymer brushes are extended. By re-
peating this step, it is possible to obtain |-p(DMA) polymer

brush layers with thicknesses of up to d = 170 nm (see Fig-
ure 3). Consequently, sequential growth with individual
polymerizations run to low conversions alleviates negative
implications that the simultaneous growth of ‘free’ poly-
mers in solution has on the ability to target specific polymer
brush thicknesses on the surface.
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Figure 3. Polymer brush film thickness vs. irradiation time
for the multi-step chain extension of |-p(DMA) brushes both in
air (empty circles) and nitrogen atmosphere (filled circles) to
achieve increased final film thickness. The gray line serves as a
guide to the eye. Between each data point, the substrate was
cleaned and a new solution of DMA, DDMAT, and ZnTPP was
added.

Here, it is worth commenting on the kinetics: although
Figure 2 indicates a first order behavior for SI-PET-RAFT,
sequential extension suggests a linear relationship of thick-
ness vs. time (see Figure 3). Individual polymerizations are
carried out only to low conversions, possibly overshadow-
ing the onset of decreased polymer chain growth kinetics at
advanced stages of a first-order kinetic process. Excluding
detrimental effects of highly viscous free polymers, control
over thin film growth kinetics are improved. As indicated in
Figure 3, polymer brush thickness increases linearly with
time at a rate of dd/dt = 0.57 nm min-.

A profound advantage of SI-PET-RAFT is the ability to ex-
ert spatial control over polymerization kinetics through a
difference of photon flux and perform topographical pat-
terning. Utilizing this specific property, we decided to pre-
pare 3D patterned surfaces (see Figure 4a). In contrast to
conventional light-mediated SI-CRP techniques, which -
aside a few exceptions3! - require rigorous deoxygenation,
SI-PET-RAFT patterning is possible under ambient condi-
tions and in the presence of oxygen, thereby avoiding the
use of advanced air-free Schlenk techniques or inert glove
box environments.

Similarly to our previous work on reduction photolithog-
raphy,?” we used an array of optical lenses to project the
pattern of a grayscale photomask image onto a CTA-
functionalized substrate and perform SI-PET-RAFT of DMA
under optimized conditions (see Supporting Information,
Figure S9, for a schematic of the lithography setup). Figure



4b shows an optical micrograph of the resulting |-p(DMA)
polymer brush reproduction of an original photograph (Fig-
ure 4b inset) of Sydney’s Opera House and Harbor Bridge
on a RAFT CTA-functionalized SiO2 wafer. Optical contrast
results from distinct heights of the polymer brushes in sep-
arate areas as a result of different levels of photon flux, i.e.,
light intensity. Using focal lengths of fi = 500 mm and f; =
100 mm, the features of the original photomask image are
reproduced on the surface with a linear reduction of LRF =
fi/f2 =5, equaling a 25x reduction in area. Atomic Force Mi-
croscopy (AFM) confirmed the topographical complexity of
the patterned substrate with high fidelity on the micron
scale (see Figure 4c).
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Figure 4. (a) Schematic of spatially controlled SI-PET-RAFT
via localized irradiation of a CTA-functionalized substrate. (b)
Optical micrograph of a |-p(DMA) (light) polymer brush repro-
duction of an original photomask (inset) on SiO:z (dark) via a
reduction photolithography process. (c) Atomic Force Micro-
graph at the location marked with a magenta box in (b) and cor-
responding line cut.

Despite the simultaneous growth of free bulk polymer in
the reaction solution (vide supra), this is not detrimental to
the ability of SI-PET-RAFT to pattern surfaces with high lo-
cal resolution. The millisecond lifetimes of both RAFT CTA
radicals and activated photocatalyst allows diffusion only
on the order of nanometers.375758 This helps prevent a blur-
ring-out of the projected photomask pattern and assures a
spatially well-defined, micron-scale reproduction of the
original photomask image.

In order to expand monomer tolerance and the scope of
accessible polymers, CPADB was studied as another sur-
face-tethered CTA (vide supra).*344 In combination with
photocatalysts with stronger redox potentials, such as

Ir(ppy)s, these CPADB-functionalized surfaces help
broaden the monomer scope that can be polymerized via
the SI-PET-RAFT process. Successful SI-PET-RAFT was es-
tablished for hydrophilic, hydrophobic, and functional
(meth)acrylates, i.e.,, methyl methacrylate (MMA), 2,2,2-tri-
fluoroethyl methacrylate (TFEMA), poly(ethylene glycol)
methacrylate (PEGMA), and N-(methacryloxy)succinimide,
as well as butyl acrylate (BuA) by using the ZnTPP/DDMAT
combination (see Supporting Information).

Chain end retention and the ability to synthesize block co-
polymers is an important benefit of SI-CRP. Indeed, leverag-
ing the expanded monomer scope, SI-PET-RAFT diblock co-
polymerization experiments suggest that the RAFT chain
end is maintained throughout the initial polymerization
step. Initial studies were targeted at sequential SI-PET-
RAFT (see Figure 5a-c). After preparation of a poly(methyl
methacrylate), |-p(MMA), homopolymer polymer brush, a
diblock copolymer was synthesized via chain extension us-
ing 2,2,2-trifluoroethyl methacrylate (TFEMA) as the mon-
omer. Ellipsometry confirmed an increase in film thickness
from initially dpma) = 19 nm for the |-p(MMA) homopoly-
mer brush layer to dymma-b-trema) = 29 nm for the final |-
p(MMA-b-TFEMA) diblock copolymer brush. A three- and
four-layer model was used to fit the homopolymer and di-
block copolymer thickness and optical constants, respec-
tively (see Supporting Information, Figure S10). X-ray pho-
toelectron spectroscopy (XPS) spectra for |-p(MMA) and |-
p(MMA-b-TFEMA) are shown in Figure 5b and c, respec-
tively. The emergence of a carbon signal at BE = 292.72 eV,
attributed to -CFs, provided unambiguous evidence for
growth of the second block (see Figure 5c). To illustrate the
compatibility between SI-PET-RAFT and thermal SI-RAFT,
an initial polystyrene (]-p(S)) homopolymer brush (dps = 31
nm) was grown via thermally-initiated SI-RAFT, using 2,2'-
Azobis(2-methylpropionitrile) (AIBN) as the radical source
and styrene (S) as monomer. The initial polymer brushes
were then extended with DMA using SI-PET-RAFT to form a
|-p(S-b-DMA) diblock copolymer brushes with a total film
thickness of dp(s--oma) = 54 nm (see Figure 5d-f). Again, XPS
confirmed growth of the second block.

The combined ability to provide spatial control while re-
taining chain end functionality is essential for advanced and
diverse patterning capabilities. Figure 6 illustrates sequen-
tial SI-PET-RAFT polymerizations to fabricate complex to-
pographies. First, a patterned |-p(DMA) homopolymer layer
was prepared by using a striped photomask (see Figure
6a). After rinsing and cleaning the substrate, the photomask
was rotated by 90° and a subsequent chain extension exper-
iment was conducted, again using DMA as the monomer. A
micrograph of the resulting crossed |-p(DMA-b-DMA) ex-
tended polymer cross-pattern is depicted in Figure 6b.
Please note, native oxide SiO2 wafers were used for these
experiments, switching the optical contrast in the micro-
graph when compared to Figure 4. This experiment was
conducted both in the presence of air (Figure 6) as well as
under inert nitrogen conditions in a glove box (see Support-
ing Information, Figure S8). The results were indistinguish-
able from one another, supporting our findings that SI-PET-
RAFT can be spatially controlled and allows re-initiation of
chain ends in the presence of air and ambient conditions.
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Figure 6. Sequential patterning of orthogonal stripes. (a) An
initial layer of N,N-dimethylacrylamide was grown via SI-PET-
RAFT using a striped photomask. The substrate was then

cleaned and (b) a second SI-PET-RAFT polymerization was per-
formed after rotating the striped photomask by 90 degrees. Op-
tical micrographs confirmed chain extension and cross-pat-
terning (circle) (c) The same experiment can be performed to
grow cross-patterned PEGMA and TFEMA polymer brushes. In
this case the intersection is comprised of a |-p(PEGMA-b-
TFEMA) diblock copolymer.

In addition to this homopolymer extension, we also per-
formed this experiment using two chemically disparate
monomers. Figure 6¢ displays the result of cross-patterned
p(PEGMA) and p(TFEMA) brushes grown from CPADB-
functionalized substrates and using Ir(ppy)s as the photo-
catalyst. The highlighted intersections are now comprised
of |-p(PEGMA-b-TFEMA) diblock copolymer brushes.

In conclusion, this contribution introduced the concept of
light-mediated PET-RAFT to surface-initiated controlled
radical polymerization. The SI-PET-RAFT platform provides
a high degree of oxygen tolerance and allows controlled fab-
rication of uniform polymer brush layers, block copolymer
brush layers, and sophisticated topographically and chemi-
cally patterned surfaces. Functionalized substrates are
readily obtained and fully compatible with conventional,
thermally-initiated SI-RAFT polymerization. A series of dif-
ferent photocatalysts and wavelengths were discussed and
demonstrated, providing access to hydrophilic, hydropho-
bic, and functional polymer films. Although the simultane-
ous growth of polymer in the bulk reaction solution was
found to prevent growth of very thick polymer films, this



limitation could be circumvented by sequential chain exten-
sion to yield thick films of d = 170 nm. Polymerization in so-
lution did not negatively influence the ability for SI-PET-
RAFT to provide access to well-defined topographically and
chemically patterned surfaces. Ongoing work is targeted at
enhancing pattern fidelity and broadening tolerance with
respect to responsive monomers, solvent choice, and oxy-
gen-tolerance for the fabrication of functional and (re-)pro-
grammable coatings.
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